Monocarboxylates-lactate and ketone bodies-can compensate for glucose as energy sources under certain physical conditions. To identify the main energy source used in self-renewing tissues, expression profiles of monocarboxylate transporters (MCTs) were mainly investigated immunohistochemically in the gastrointestinal tract, skin, and bone marrow of mice, with reference to glucose transporters. In the small intestine, MCT1-immunoreactive epithelial cells accumulated in crypts with a selective immunolabeling along the basolateral membrane of cells. BrdU-labeled dividing cells were included in the cryptal MCT1-immunoreactive foci. The skin displayed an intense and extensive immunoreactivity for MCT1 in the hair bulge, which gives rise to the epidermis, hair, and sebaceous gland. The stratified squamous epithelium in the esophagus contained MCT1-immunoreactive cells in the basal layer but frequently lacked GLUT1-immunoreactive cells. The bone marrow was largely immunoreactive for MCT1 but not for GLUT1, suggesting the active production and utilization of monocarboxylates for hematopoiesis under hypoxic conditions. These findings support the idea that monocarboxylates are favorite energy sources in self-renewing tissues.
Mammals use two kinds of energy substrates, glucose and monocarboxylates. The latter includes lactate, acetate, ketone bodies, and others. These monocarboxylates, which are intermediate metabolites, provide a "ready-to-use" fuel in most cells or are converted into glucose (gluconeogenesis) and fatty acids (lipogenesis). They can compensate for glucose as an energy source under several physical conditions such as fasting, diabetes, and the neonatal period (16, 35) . The production of monocarboxylates does not need oxygen; therefore, they may be evolutionally older (more primitive) energy substrates than glucose, since the concentration of O 2 was low in ancient times. Hypoxic conditions exist in the bone marrow and tumors where proliferative activities are high, and some signals of hypoxia stimulate the cell proliferation (7, 9) . There is a possibility that the monocarboxylates produced by anaerobic glycolysis are favorite energy sources for cell growth in selfrenewing tissues and tumors. In mammals, a membrane-bound transporter family mediates the uptake and excretion of monocarboxylates. A representative transporter for monocarboxylates is the monocarboxylate transporter (MCT) and the classified SLC16 gene family. MCT is a H + -coupled, electroneutral, and bi-directional transporter composed of twelve transmembrane domains with intracellular N and C terminal domains (10, 11) . To date, fourteen MCT isoforms-each having a unique distribution and different sequence homology-have been identified in mammals, though only four (MCT1-MCT4) have been demonstrated experimentally to facilitate the proton-linked transport of metabolically important monocarboxylates (14, 23) . It is possible to evaluate the existence of a monocarbox-oligonucleotide DNA probes (45 bases in length) were designed for each mRNA of mouse MCT1-MCT4 and facilitated-diffusion glucose transporter GLUT1-GLUT5, as described in our previous studies (25) . The probes were labeled with 33 P-dATP using terminal deoxynucleotidyl transferase (Invitrogen, Carlsbad, CA). Fresh frozen sections, 14-μm-thick, were fixed with 4% formaldehyde in 0.1 M phosphate buffer for 15 min and then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine-HCl (pH 8.0) for 10 min. Hybridization was performed at 42°C for 10 h with a hybridization buffer containing 33 P-labeled oligonucleotide probes (10,000 cpm/μL). The sections were rinsed at room temperature for 30 min in 2 × SSC (1 × SSC: 150 mM sodium chloride, 15 mM sodium citrate) containing 0.1% N-lauroylsarcosine sodium, then rinsed twice at 55°C for 40 min in 0.1 × SSC containing 0.1% N-lauroylsarcosine sodium, dehydrated through a graded series of ethanol, and air-dried. Sections were either exposed to BioMax MR film (Kodak, Rochester, NY) for 10 days or dipped in an autoradiographic emulsion (NTB-2; Kodak) at 4°C for 8-10 weeks. The in situ hybridization analyses using the two non-overlapping antisense probes for each mRNA exhibited identical labeling in all the tissues examined. The specificity of the hybridization was also confirmed by the disappearance of signals upon the addition of an excess of an unlabeled antisense probe.
Immunohistochemistry. Bouin-fixed paraffin sections were dewaxed and immersed in water and 0.01 M phosphate buffered saline (PBS, pH 7.2). After preincubation with normal goat serum, the sections were incubated with either a chicken anti-rat MCT1 antibody (AB1286; Chemicon International, Temecula, CA) at a concentration of 0.5 μg/mL, a rabbit anti-rat GLUT1 antibody (0.3 μg/mL; AB1340, Chemicon), or a rabbit anti-mouse MCT2 antibody (0.5 μg/mL; kindly donated by Prof. M. Watanabe, Hokkaido University). The sites of the antigen-antibody reaction were detected by incubation with biotin-conjugated goat anti-chicken IgY (Santa Cruz Biotechnology, Santa Cruz, CA) or goat anti-rabbit IgG (Nichirei, Tokyo, Japan), followed by incubation with the avidin-peroxidase complex (Vectastain ABC kit; Vector, Burlimgame, CA). The reactions were visualized by incubation in 0.05 M Tris-HCl buffer (pH 7.6) containing 0.01% 3,3'-diaminobenzidine and 0.001% H 2 O 2 . The specificity of immunoreactions on sections was confirmed according to conventional procedures, including absorption tests. The ylate-dependent energy system by the expression profiles of MCTs, as has been shown in the female reproductive organ (19) , placenta (25) , and nervous systems (32, 35) . Adult stem cells are present in most self-renewing tissues, represented by the intestinal epithelium, the skin, and the hematopoietic organ. Our previous immunohistochemical studies involving MCTs have led us to an assumption that the progenitor/stem cells utilize lactate and other monocarboxylates as a major energy source. If so, this may be highly beneficial for cells, since they can avoid shortages of glucose frequently occurring in starvation. In the present study, we examined immunohistochemically the localization of MCTs in the intestine, skin, and bone marrow of mice.
MATERIALS AND METHODS
Tissue sampling. Eight-week-old ddY mice of both sexes were supplied by Japan SLC (Shizuoka, Japan). Fresh tissue samples were obtained from the gastrointestinal tract, liver, skin, and vagina of adult and neonatal (5 postnatal days) mice that had been deeply anesthetized by an intraperitoneal injection of pentobarbital and sacrificed by bloodletting from the heart. For partial hepatectomy, Wistar rats (200 g in body weight) were used. The samples were directly embedded in a freezing medium (OCT compound; Sakura FineTechnical Co. Ltd., Tokyo, Japan) and quickly frozen in liquid nitrogen for in situ hybridization analyses. Fresh tissues from the mice and rats were also fixed in Bouin's fluid for 12 h and processed to paraffin sections for conventional immunohistochemistry. For immunohistochemistry at the electron microscopic level, deeply anesthetized mice were perfused via the aorta with physiological saline, followed with 4% formaldehyde plus 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4. The stomach was removed and immersed in the same fixative for an additional 6 h at 4°C. The tibiae of mice were immersed in the fixative for 24 h, decalcified in 5% ethylenediamine-tetraacetic acid (EDTA) for 1 week, and processed for light and electron microscopy. For labeling of BrdU, mice were peritoneally injected with BrdU (5-bromo-2'-deoxyuridine; Wako Pure Chemical Industries, Osaka, Japan) at a dose of 20 mg/kg and sacrificed 6 h after the injection. All experiments using animals were performed under protocols following the Guidelines for Animal Experimentation, Hokkaido University Graduate School of Medicine.
In situ hybridization. Two non-overlapping antisense scopically, the localization of MCT1 was confirmed to extend linearly from the basal membrane to the tight junction of the lateral membrane (Fig. 2) . The very bottoms of crypts occupied by Paneth cells were free from any immunoreactivity for MCT1. Since the middle to upper regions of crypts contain stem cells for all types of epithelial cells, double staining for BrdU and MCT1 was carried out. BrdU-positive progenitor cells corresponded to the MCT1-intensely immunoreactive cells (Fig. 1b) . Some of the dividing cells in crypts were associated with immunoreactive, thick plasma membranes and stalk-like or tail-like structures which extended toward the basement membrane (Fig. 1c) . Electron microscopic observation revealed that the appearance of these membrane thickenings was due to the formation of microvilli or microplicae around dividing cells (Fig. 2) . Another intense immunolabeling for MCT1 in the small intestine was found in the smooth muscle layer (Fig. 1a) . Here again the plasma membrane of smooth muscle fibers displayed the immunoreactivity for MCT1. In the in situ hybridization method, the expression of GLUT1 mRNA was not significant in the small intestine whereas GLUT2 and GLUT5 were expressed abundantly in the small intestine, especially in the upper part of the small intestine. The expression sites of GLUT2 and GLUT5 mRNAs were restricted to the intestinal villi, as reported previously (37) . In the glandular stomach, the deeper region of gastric pits and neck portion of the fundic glands were immunoreactive for MCT1 (Fig. 1d) . The basolateral membrane of cells, especially the basal membrane, was selectively immunolabeled at the bottom of the gastric pits. Some mucous neck cells possessed the MCT1 immunoreactivity in the plasma membrane. No significant immunoreactivity for GLUT1 was found in the gastric mucosa. Mucosa of the esophagus possesses a thick stratified squamous epithelium. In situ hybridization analysis demonstrated an intense expression of only MCT1 mRNA among MCT1-MCT4 (data not shown). Immunohistochemically, MCT1 immunoreactivity was intense in the basal layer while GLUT1 immunoreactivity was less intense and disappeared in some regions (Fig. 3a, b) . The MCT1 immunoreactivity was distributed along the whole length of the plasma membrane without any cellular polarity.
Skin and hair follicles
The epidermis is one of the rapidly renewing tissues and contains their stem cells in the basal layer. In the general skin endowed with hairs and covered by immunoreactivities were completely abolished using the primary antibodies preabsorbed with the corresponding antigens (human MCT1 and rat GLUT1 from Santa Cruz Biotechnology). For double immunofluorescence, sections were stained with two antibodies of the chicken anti-MCT1 (4 μg/mL) and a rat anti-BrdU (Santa Cruz Biotechnology), followed by incubation with Alexa Fluor 488-labeled anti-chicken IgY (Invitrogen) and Cy3-labeled anti-rat IgG (Jackson ImmunoResearch, West Grove, PA). The stained sections were mounted with glycerin-PBS and observed under a confocal laser scanning microscope (Fluoview; Olympus, Tokyo, Japan).
Silver-intensified immunogold method for electron microscopy. The formaldehyde-fixed tissues were dipped in 30% sucrose solution overnight at 4°C, embedded in OCT compound, and quickly frozen in liquid nitrogen. Frozen sections of 15 μm in thickness were mounted on poly-l-lysine-coated glass slides, incubated with the chicken anti-MCT1 antibody (3 μg/mL) overnight, and subsequently reacted with goat anti-chicken IgY covalently linked with 1-nm gold particles (1 : 200; Aurion ImmunoGold Reagents & Accessories, Wageningen, The Netherlands). Following silver enhancement using a kit (HQ silver; Nanoprobes, Yaphank, NY), the sections were osmicated, dehydrated, and directly embedded in Epon (Nisshin EM, Tokyo, Japan). Ultrathin sections were prepared and stained with both uranyl acetate and lead citrate for observation under an electron microscope (H-7100; Hitachi, Tokyo, Japan). The specificity of the immunoreactions was confirmed by the disappearance of immunolabeling when the antiserum was pre-incubated with the antigen.
RESULTS
The small intestine, stomach, and esophagus Our previous studies for mRNA expressions of MCT and GLUT families in the murine gastrointestinal tract demonstrated abundant expressions of MCT1, GLUT2, and GLUT5 (33, 37) . Although the mRNA expression of MCT1 was intense in the large intestine and less intense in the small intestine and stomach, the present immunostaining of the small intestine detected an intense expression of MCT1 in some populations of epithelial cells. The immunoreactive cells gathered from crypts to the base of villi, where the basolateral membrane of epithelial cells was selectively labeled (Fig. 1a) . Electron micro- a thin keratinized stratified squamous epithelium, the basal layer expressed MCT1 at a significant level, but GLUT1 was only faintly detected. The hair bulge, a convex extension on the outer root sheath, is located close to the beginning of the muscle arrector pilli and is composed of a seat of epithelial follicle stem cells (1, 4, 27) . The immunostaining for MCT1 labeled the entire layers of the hair bulge in sinus hairs of the upper lip (Fig. 3c, d ). The immunoreactivity in hair follicles decreased in intensity toward the hair bulb and ultimately disappeared around it.
Bone marrow
Bone marrow tissues were entirely stained positive for MCT1 but negative in the immunoreaction for GLUT1. The bone marrow in the spongy bone (trabecular region) possessed a more intense immunoreactivity for MCT1 than that in the central bonemarrow region (Fig. 4a) . Intensely immunoreactive cells were comparatively large in size and dispersed or loosely aggregated in the former trabecular region (Fig. 4b) . Electron-microscopically, the immunoreaction was restricted to the plasma membrane of hematopoietic cells (Fig. 4c) . Myelocytes possessing specific granules at terminal stages of differentiation were faint or negative in reaction whereas erythroblasts possessed sufficient reactivity for MCT1, even at a terminal stage of maturation. Enucleated erythrocytes in the bone marrow maintained the MCT1 immunoreactivity. No immunoreactivity for MCT1 was found in megakaryocytes, mast cells, or sinus endothelial cells while the plasma membrane of fat cells were immunolabeled.
Liver in a neonatal stage and after hepatectomy
An in situ hybridization technique revealed that MCT1 among MCT1-4 and GLUT2 among GLUT1-5 are predominant subtypes expressed in the liver of adult mice. Hepatocytes of adult mice expressed MCT1 at a considerable level, with a predominant immunolabeling of the plasma membrane. Hepatocytes at postnatal stages showed a much more intense immunoreactivity, as shown in the liver on neonatal day 5 (Fig. 5a, b) . MCT2 immunoreactivity was faint or undectable in the liver of mice and rats, in contrast to the reported positive finding in the hamster liver (10, 11) . The expression of MCT1 and nant energy sources (2, 8, 20, 31) . The surrounding cells-cumulus cells of follicles and Sertoli cellsproduce monocarboxylates by glycolysis and transfer them to the genital progenitor cells by the use of MCT1 (2, 19) . The present study demonstrated the intensified expressions of MCT1 in consistently renewing tissues, suggesting that monocarboxylates are important energy sources for progenitor cells or dividing cells, as in the germ cells. The renewing tissues perform active glycolysis to produce the monocarboxylates easily-although it is unknown whether the circumference around progenitor/stem cells is usually low in O 2 concentration, except for the bone marrow. In the stomach and small intestine, intense immunoreactivities for MCT1 occurred in the proliferating zones of epithelia. Stem cells of all gastric MCT2 after partial hepatectomy in the liver was examined at a mRNA level in the rat by use of the in situ hybridization technique. The expression of MCT1 was weak at the mRNA level in the control ratswhereas it increased in intensity 32 h and 3 days after partial hepatectomy but down-regulated at 7 days (Fig. 5c, d ). In accordance with the mRNA expression, MCT1 immunoreactivity of rat hepatocytes was intense 32 h after hepatectomy and decreased in intensity at 7 days (Fig. 5e, f) . The mRNA expression of MCT2 remained at low levels and did not show any remarkable changes by hepatectomy.
DISCUSSION
The genital progenitor cells, namely oocytes and spermatogonia, use lactate and pyruvate as predomi- solateral membrane, suggesting an ability to uptake monocarboxylates from the blood circulation or internal milieu. This condition is profitable for maintenance of the intestinal epithelium with a very rapid turnover because ingested sugars in the intestinal lumen are depleted during prolonged starvation. The dividing cells in the crypts frequently displayed thick immunolabeling along the entire surface and the stalk-or tail-like structures extending towards the basement membrane. These thickenings of the cell surface were due to the undulating plasma membrane or formation of microplicae. The hair bulge contains stem cells and can supply all types of cells for the epidermis, hair follicle, and sebaceous glands (for review, 1, 4, 27) . The stem cells in the hair bulge possess a higher proliferating epithelial cells reside in the neck portion between the gastric pits and fundic glands. Differentiated phenotypes of surface mucous cells, parietal cells, and chief cells lacked MCT1 although some mucous neck cells-which further transform to chief cellswere immunoreactive for MCT1. Enterocytes in villi of the small intestine intensely express SGLT1 on the striated border (or brush border) and take up glucose and other hexoses from the intestinal lumen by the use of a Na + gradient (37) . The absorbed glucose provides a major energy source for the whole body and simultaneously may be utilized by enterocytes themselves. However, crypt cells completely lacked the expression of SGLT1, which is necessary for the uptake of luminal glucose (37) . Instead, the crypt cells expressed abundant MCT1 along the ba- . In situ hybridization method shows the changes in mRNA expression of MCT1 and MCT2 after hepatectomy in the rat (X-ray image, c and d). MCT1 mRNA expression increases after hepatectomy while MCT2 mRNA expression does not show any remarkable change from this. In the immunostaining of rat MCT1, the immunoreactivity on the surface of hepatocytes is intense 30 h after hepatectomy (e) but less intense after 7 days (f). In e, two dividing hepatocytes are indicated by arrows. Bars 20 μm (b, f), 5 mm (d) the brain. Lactate and ketone body utilization in the brain is very high during the suckling period but decreases after weaning (5, 6, 15, 24, 26) . In parallel with this energy demand, a higher expression of MCT1 in the vascular endothelium of the brain is observed during suckling in rodents (12, 21, 30, 35) . Nevertheless, the increased expression of MCT1 mRNA in the rat liver after hepatectomy strongly suggests that monocarboxylates are favorite nutrients for proliferating hepatocytes. Cancer cells as well as proliferating cells produce large amounts of lactate regardless of the availability of oxygen; hence, their metabolism is often referred to as "aerobic glycolysis" (34) . This aerobic glycolysis supports mitochondrial oxidative phosphorylation and supplys lactate to adjacent cells which express MCT1 for uptake (9) . It is known that most cancer cell lines express MCT1 rather than GLUTs. Eleven human lung cancer cells examined largely expressed MCT1 and MCT2, and a knockdown of these MCTs significantly reduced the migration of cancer cells (18) . Our preliminary examination of human cancer also indicated that most cancers express MCT1 rather than GLUT1. In a future study, comparative expression profiles of MCT1 and GLUT1 will be important to characterize cancer cell types based on the favorite nutrients of cancer cells. REFERENCES activity than those which reside in the basal layer of the ordinal epidermis and maintain only the thin epidermis. Thus, the hair bulge showed an intense and extensive immunoreactivity for MCT1. Although it is unknown whether or not proliferation of the bulge stem cells is increased in reduced oxygen tension, a stimulated hair growth under hypoxic conditions is suggested. The proliferation of adipose tissue-derived stem cells (ADSCs) is elevated under hypoxic conditions as compared to normoxic conditions. In this experimental model, hypoxia enhanced the ADSC-promoted hair growth via the production/ secretion of growth factors (29) . The physiological condition of the bone marrow appears to be low in oxygen tension and limited in nutrient supply. Mathematical models based on animal studies suggest an oxygen concentration of less than 1% in bone marrow (3). Hematopoietic stem cells or hematopoietic progenitor phenotypes localize in the trabecular region of long bones, where they contact the endosteal lining of bone-marrow cavities (36) . More differentiated hematopoietic cells are accumulated mainly in the central bone-marrow region. The present immunostaining demonstrated the elevated expression of MCT1 in the trabecular zone as compared with the compact bone region. Although exact identification of MCT1-expressing cells was impossible in the present study, the staining patterns suggest that the progenitor cells expressed MCT1 more intensely than differentiated hematopoietic cells. Bone marrow-derived mesenchymal stem cells reside in severely hypoxic regions of the bone marrow, where they co-exist in a symbiotic relationship with hematopoietic stem cells. It is known that maintenance of the marrow-mesenchymal stem cells under hypoxic conditions stimulates their proliferation and self-renewal capacities (13, 17, 22, 28) . MCT2 has been considered to be a major MCT subtype expressed in hepatocytes of mature animals. According to original works by Garcia et al. (10, 11) , hepatocytes in the hamster did not express MCT1 but expressed MCT2 along their plasma membrane. In the rat and mouse, however, MCT1 is the major subtype expressed in hepatocytes. A significant expression of MCT1 in hepatocytes was recognized in the normal adult liver of mice and further increased in intensity in neonatal mice. This finding implies two possibilities: 1) hepatocytes in the proliferating stage actively utilize monocarboxylates; 2) during the neonatal stages, the decreased level of blood glucose reinforces hepatocytes to express MCT1, as also in the vascular endothelium of
